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Stimulation of secretion with A23187 circumvents the 
usual mechanism of stimulation of secretion by direct 
mediation of an increase in cytoplasmic Ca++ and 
thereby permits study of the terminal components of the 
secretory process in which granules are externalized by 
membrane fusion events. Two alterations in the plasma 
membrane precede fusion: the formation of bulges and 
the aggregation of intramembranous particles. These 
changes require a permissive level of ATP and are sen-
sitive to reagents that bind to intracellular protein 
sulfbydryl groups. They seem not to be attributable to a 
direct effect of Ca++ on membrane phospholipids. The 
cell components responsive to Ca++ and responsible for 
the alterations in the membrane are not known; neither 
microtubules nor actin filaments seem to qualify. 
Mast cells are regular inhabitants of the connective tissue of 
mammals and other vertebrates [1). Significant numbers of 
mast cells are present in human dermis [2). Within. the connec-
tive tissues, mast cells congregate around microcirculatory ves-
sels and nerves [3). Ehrlich initially proposed that mast cells 
arise from connective tissue cells through engorgement [4). 
According to the current view, however, mast cells are special-
ized secretory cells. Secretory granules are found throughout 
the cytoplasm of mast cells (Fig 1); Helander and Bloom [5] 
estimated that a rat mast cell contains about 1,000 granules. 
Each granule is sUlTounded by a bilayer membrane (Fig 1), and 
it is the fusion of the granule membrane with the plasma 
membrane th'at effects the extrusion of granule contents from 
the cell (Fig 2) . 
Histochemical techniques and more recently biochemical 
analysis of isolated granules have generated a catalogue of 
granule constituents [6]: heparin, histamine, serotonin in rats 
and mice, 2 proteases with substrate specificities resembling 
that of chymotrypsin, N-acetyl.,8-glucosaminidase, probably 
,8-glucuronidase, several proteins of unidentified function, and 
a peptide chemotactic for eosinophils. Each granule is extruded 
as a quantal packet [7]; the subsequent extracellular activities 
of its components depend on solubility and diffusibility. Rat 
mast cell granules have a strict sequence of extractability; ,8-
glucuronidase leaves the granule with the removal of the mem-
brane, and histamine, ,8-glucosaminidase, mast cell protease, 
and heparin are solubilized successively with increasing concen-
trations of KCI or NaCI [8,9]. Recognizable granule structure is 
lost when the chymotrypsin-like protease, which constitutes 
=::20% of the total granule protein, is removed with 1.0 M salt 
[10], even though much of the residual heparin together with 
the other proteins is still sedimentable in the centrifuge as an 
insoluble complex, dissociable at yet higher concentrations of 
salt (9). With the significant exception of histamine action, we 
know little of the actions of granule components in the connec-
tive tissue. 
In their contributions to this symposium, David Morrison 
and Borje Uvniis discuss, respectively, aspects of the mecha-
nism of stimulation of mast cell secretion at the cell membrane, 
and the binding of histamine and its release from the granule 
matrix. We will concentrate on reviewing what we know and 
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have surmised about the secretory events that occur after 
appropriate stimulation of the mast cell. 
A long list of substances stimulate secretion when in contact 
with the mast cell surface [6]. A relatively recent addition to 
the list is of pal"ticular value because its immediate effect on 
the cell appears to be relatively simple. A23187 is a calcium 
ionophore that acts by facilitating the transport of calcium ions 
and other divalent cations from one aqueous phase across a 
lipid phase to a second aqueous phase [11). A23187 is particu-
larly effective in transporting divalent ions across cell mem-
branes. In general, the concentration of free Ca ++ in the cytosol 
of cells is maintained at low levels (::s 10- 6 M) by the dual action 
of the plasma membrane, which pumps Ca++ out of the cell, 
and the mitochondria, which sequester Ca++ [12). Exposure of 
a cell to A23187 in a medium containing Ca++ at a concentration 
above that usual for the cytosol leads to an increase in cytosol 
Ca ++ by a mediated, passive flux of the ion across both the 
plasma membrane and the mitochondrial membrane. In the 
presence of A23187, the concentration of Ca++ in the cytosol ' is . 
expected to approach the concentration of Ca ++ in the medium. 
As first demonstrated in Mongar's laboratory, when mast cells 
are exposed to A23187 in the presence of adequate concentra-
tions of external calcium, secretion occurs [13). Of the several 
cations that A23187 can transport, Ca++ is the most effective 
secretion inducer. The ultrastructural events of the mast cell 
secretory process initiated by A23187 closely mimic those seen 
with more conventional secretagogues. Thus, the effectiveness 
of A23187 provides important support for the idea that Ca++ 
plays a key role in mast cell secretion. 
When mast cell secretion is examined in vitro with the light 
microscope, the cells are seen to lose their granules in an 
explosive fashion. The electron microscope allows a more de-
tailed analysis of the process; the first event after the exposure 
of mast cells to A23187 and Ca++ is a bulging of the plasma 
membrane over the granules at the periphery of the cells (Fig 
3). This is best seen in replicas of freeze-fractured cells (Fig 4, 
5) . The formation of the membrane bulges is accompanied by 
the aggregation of the intr.9.membranous particles, protein ag-
gregates usually randomly distributed in the hydrophobic in-
terior of the bilayer cell membrane. The same changes in cell 
membranes are observed when mast cells are stimulated with 
polymyxin [14]. The aggregation of intramembranous particles 
leaves substantial expanses of smooth membrane faces. Accord-
ing to our interpretation, the alteration in the distribution of 
particles proceeds in the plasma membrane and in the granule 
membrane prior to fusion of 2 apposing membranes. Studying 
another secretory system, Pinto da Silva and Nogueira con-
cluded that the aggregation of intramembranous particles is a 
concomitant of membrane fusion, not a precondition [15). Law-
son and his co-workers found that some proteins demonstrable 
at the mast cell sUlface leave the regions of the plasma mem-
brane in conjunction with the aggregation of intramembranous 
particles [16]. It is not known whether all membrane proteins 
do so. Similar regions of plasma membrane cleared of intra-
membranous particles at presumptive sites of secretion have 
been demonstrated in beta cells in pancreatic islets [17]. 
After the formation of particle-free regions, the membranes 
come close together, and the apposing hydrophilic regions of 
the 2 membranes fuse to form a pentalaminar structUl"e from 
the 2 trilaminar units [18]. Some observers have reported 
dissolution of the middle fused layer under similar circum-
stances [19]; we have not found unambiguous evidence of such 
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FIG 1. Normal mast cell. Each granule is bounded by a membrane. 
Microtubules are prominent in the paranuclear region (x 30,000). 
FIG 2. Mast cell treated with A23187 at 37°C for 2.5 min. The 
secretion of granules is evident at the cell surface (x 9,700). 
an intermediate structure during mast cell secretion. Next, a 
pore must form in the fused membrane to establish continuity 
between the extracellular milieu and the compartment occupied 
by the secretory granule, but it has been difficult to demonstrate 
this step in electron micrographs. Burwen and Satir [20] have 
presented freeze-fracture images they believe represent this 
event. Throughout the process, the cell is able to keep its 
cytosol isolated from the external milieu. 
Although it is conceivable that after an increase in cytosoll 
Ca++ the molecular events essential for secretion are confined 
to the cell membrane and the granule membranes, 2 additional 
cell elements have been implicated in the process: the fine 
cortical microfIlaments distributed in a tangled meshwork im-
mediately beneath the cell membrane and the microtubules. In 
both instances the evidence for a role in mast cell secretion 
relies on the application of an agent capable of modifying, more 
or less specifically, the structural element. We have studied 
both microtubules and microfIlaments in mast cells and find 
little reason to believe that either is involved in any essential 
way in the secretory process stimulated by an influx of Ca++. 
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Our studies on microtubules [21] are both more extensive and 
more satisfactory than those on microfIlaments. \ 
The spheroidal shape of mast cells isolated from the rat 
peritoneal cavity depends on microtubules. Exposure of the \ 
cells to low concentrations of colchicine (10- 6 M) induces the 
depolymerization of the microtubules to their constituent tu· 
bulin protein units and has a drastic effect on the appearance 
of the cells (Fig 6). The cells in fixed preparations become 
polarized, with the nucleus occupying one pole, and often as· 
sume bizarre multilobed shapes. Cinemicrophotography dem-
onstrates that the cytoplasm of cells exposed to colchicine is 
subjected to contractile spasms that create masses of cytoplasm ' 
joined by narrow isthmuses. Electron micrographs document 
the disappearance of microtubules and the disturbance of the 
normal association between nucleus and Golgi apparatus. Gran-
ule secretion is virtually normal when such cells are stimulated 
with A23187 (Fig 7). By direct quantitative measurement in \ 
cells exposed to 10- 4 M colchicine for 2 hr, we have recently 
determined that 95% of the normal microtubule mass is lost. \ 
Even under these circumstances the secretory process is hal'dly 
affected. At higher (10-:] M) concentrations of colchicine, modest 
inhibition of secretion occurs. The small extent of inhibition by 
high concentrations of colchicine could be attributable either 
to a minor modulating action of microtubules on secretion or to 
a weak action of colchicine on some cell structure (other than 
the microtubule)-perhaps the cell membrane itself [22]-that \ 
is involved in cell secretion. Discrepancies between the effects 
of colchicine on micro tubules and secretion have led Hoffstein, 
Goldstein, and Weissmann [23] to similar conclusions about 
neutrophil secretion. 
In many cells fme microfJ.iaments, identifiable as actin, form , 
FIG 3. Peritoneal mast cell. Thin section; 1 J.LM A23187 in the presence \ 
of 0.9 mM Ca++ at 37°C for 1 min. The close approach of granule 
membranes to the cell membrane and the absence of separating micro- ' 
fIlaments is evident. The granules lie directly beneath the bulging cell 
membrane. Several granules show the effects of contact with the 
external milieu, i.e., they have lost the normally dense appearance and 
have assumed a fibrillar pattern with small dense spots. Deeper in the 
cell there are several instances of pores formed between adjacent 
granules (x 40,000) . 
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FIG 4. Peritoneal mast cell. Freeze-fraction preparation; 1 J.l.M A23187 
in the presence of 0.9 mM Ca++ at 37°C for 1 min. Numerous prominent 
surface bulges ru·e evident in this micrograph. Because the intramem-
branous particles on the P face ru·e collected in irregular patches, 
substantial areas are free of particles (x 35,000). 
FIG 5. Freeze-fracture of a mast cell (treated as in Fig 4). The regions 
of the bulging membrane P face with aggregated intramembranous 
particles are seen to good advantage. The subjacent E face of a granule 
membrane shows similru· clearing of a region of the membrane (x 
29,000). 
a submembranous web. In t he case of the mast cell, Rohlich 
has used the property of binding heavy meromyosin to dem-
onstrate that the fIlaments are actin [24]. Cytochalasin B has 
been widely used to disrupt microfIlament function in a manner 
analogous to the use of colchicine to disrupt micro tubule func-
tion . In ow· experiments the effects of cytochalasin B on mast 
cell ultrastructure have not been dramatic, and no method is 
available for quantitative assessment of microfilament integrity. 
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We have monitored the action of cytochalasin B on mast cell 
contractile elements in terms of inhibition of cell movements 
induced by colchicine. When mast cells are treated with cyto-
chalasin B, the change from the normal spheroidal shape caused 
by colchicine is inhibited. Complete inhibition is obtained with 
5 X 10- 5 M cytochalasin B. The concentration causes less than 
10% inhibition of histamine release from cells stimulated with 
A23187. When the antibiotic polymyxin B is used for the 
induction of secretion, 10- 4 M cytochalasin B inhibits secretion 
no more than 10%. Although the results suggest that concen-
trations of cytochalasin B that interfere with contractile com-
FIG 6. Mast cell treated with 10-4 M colchicine for 3 hr. Note cell 
shape changes and nucleru· displacement (x 9,900). Inset shows absence 
of microtubules in the region of the centriole (x 12,400). 
FIG 7. Mast cell treated with colchicine 10-4 M for 3 hr and then with 
A23187 for 10 min at 37°C. Extensive secretion of granules is evident 
(x 11,100). 
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ponents of the cell do not prevent secretion, it is clear that a 
more direct assessment of the degree of interference with mi-
crofIlament function is required before the possibility that these 
cellular elements playa functional role in secretion can be ruled 
out. 
Few experimental results contribute to the identification of 
the molecular mechanism of the terminal event of mast cell 
secretion. In their initial experiments, Foreman, Mongar, and 
Gomperts [13] found that drugs which depress mast cell ATP 
prevent secretion. Diamant and Patkar [25] showed that re-
agents expected to react with protein amino groups or sulfhy-
dryl groups are also inhibitory. 
We have looked in some detail at the effect of several sulfhy-
dryl reagents. Sinc'e these inhibitory reagents interfere with a 
wide range of intracellular enzymes, including those required 
for ATP generation, it is important to establish whether or not 
they operate by reducing cell ATP. We also compared sulfhy-
dryl reagents that act essentially at the cell surface with those 
that are able to penetrate the cell membrane. 
Our interest in sulfhydryl reagents was initiated by the dis-
crepancy, originally reported by Orr, Hall, and Allison [26], 
between the effects of cytochalasin A and cytochalasin B on 
histamine release. We compru'ed the inhibitory action of these 
2 fungal metabolites on mast cells stimulated with either poly-
myxin B or A23187. Cytochalasin A was at least 100-fold more 
effective. Clues to the reactivity of cytochalasin A with sulfhy-
dryl groups existed both in its structure and in the literature. 
Direct testing readily established the selective reactivity of 
cytochalasin A with these groups [27]. We therefore included 
several conventional sulfhydryl reagents in our studies. Both 
cytochalasin A and 2,2' -dithiodipyridine are effective inhibitors 
of histamine release, and with both, inhibition of histamine 
release can be separated from their effects on mast cell A TP 
levels. Hydroxymercuriphenyl sulfonate permeates cells poorly, 
has no effect on mast cell ATP levels, and fails to inhibit 
histamine release by A23187. The difference between the inhib-
itory effectiveness of permeant sulfhydryl reagents such as 
dithiodipyridine and the impermeant p-hydroxymercuriphenyl 
sulfonate indicates an intracellular locus for the inhibitory 
action of dithiodipyridine and cytochalasin A. 
Recently we have examined the effects of dithiodipyridine 
and dinitrophenol on the membrane events, i.e., bulge formation 
and aggregation of intramembranous particles, that we identi-
fied as preceding fusion. Both agents at concentrations that 
substantially inhibit histamine release prevent the membrane 
changes. Neither agent affects the flow of Ca++ into the cell in 
the presence of A23187 . Colchicine and cytochalasin B, which 
do not interfere with histamine release, do not block prefusion 
events in the plasma membrane. These results support the 
contention that the formation of bulges and the movement of 
intramembranous particles are tightly linked to subsequent 
fusion. 
The inhibition of secretion as a result of either the depression 
of cell ATP or the binding of cell sulfhydryl groups provides 
some clues concerning the mediation of membrane events in 
secretion . Theoretical considerations of the action of Ca ++ in 
inducing secretion have focused on 2 distinct concepts: a direct 
action of calcium on the phospholipids of the membrane [28-30] 
and a calcium-modulated contractile apparatus associated with 
the membrane [31]. The requirements for ATP and free protein 
sulfhydryl groups are most readily reconciled with the modu-
lation of a contractile system by Ca ++ . 
Therapeutic interest in mast cells centers on the inhibition of 
histamine secretion. In mast cells the early steps in the stimu-
lation of secretion are most likely to be distinct from those in 
other secretory cells and thus a rational focus for therapeutic 
intervention. Yet the accessibility of mast cells to local therapy 
in the dermis and in other subepithelial sites encourages us to 
believe that knowledge of the moleculru' details of the terminal 
steps in mast cell secretion may yield practical therapeutic 
leads. 
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